We present semi-analytical models of galactic outflows in high redshift galaxies driven by both hot thermal gas and non-thermal cosmic rays. Thermal pressure alone may not sustain a large scale outflow in low mass galaxies (i.e M ∼ 10 8 M ⊙ ), in the presence of supernovae (SNe) feedback with large mass loading. We show that inclusion of cosmic ray pressure allows outflow solutions even in these galaxies. In massive galaxies for the same energy efficiency, cosmic ray driven winds can propagate to larger distances compared to pure thermally driven winds. On an average gas in the cosmic ray driven winds has a lower temperature which could aid detecting it through absorption lines in the spectra of background sources. Using our constrained semi-analytical models of galaxy formation (that explains the observed UV luminosity functions of galaxies) we study the influence of cosmic ray driven winds on the properties of the intergalactic medium (IGM) at different redshifts. In particular, we study the volume filling factor, average metallicity, cosmic ray and magnetic field energy densities for models invoking atomic cooled and molecular cooled halos. We show that the cosmic rays in the IGM could have enough energy that can be transferred to the thermal gas in presence of magnetic fields to influence the thermal history of the intergalactic medium. The significant volume filling and resulting strength of IGM magnetic fields can also account for recent γ-ray observations of blazars.
INTRODUCTION
Energy injection by supernova explosions can lead to strong outflows from star forming galaxies. These supernovae (SNe) driven galactic outflows could eject a significant fraction of the interstellar medium (ISM) along with metals into their circumgalactic medium (CGM) and the general intergalactic medium (IGM). Feedback due to starburst driven outflows are also invoked in galaxy formation models to get correct shape of the galaxy luminosity functions. It is well demonstrated that a high fraction (40-60%) of high-z star forming galaxies show signatures of bi-conical outflows in the form of high velocity (i.e. 100-300 km/s) blue shifted absorption in their spectrum (Martin et al. 2012; Rubin et al. 2014) . Further, quasar spectra reveal presence of metals in the form of absorption by ions like C IV, O VI etc in the low density intergalactic medium far away from the star forming galaxies (Songaila & Cowie 1996; Carswell et al. 2002; Ryan-Weber et al. 2006; Cooksey et al. 2013 ; D'Odorico et al.
⋆ E-mail: saumyadip.physics@presiuniv.ac.in † E-mail: kandu@iucaa.in ‡ E-mail: anand@iucaa.in 2013; Muzahid et al. 2012; D'Odorico et al. 2016) . Moreover, the CGM has been mapped out to a projected distance of few 100 kpc from the host galaxies using galaxy-quasar pairs (see for example Nielsen et al. 2013 ). This has revealed the presence of metals in the cold gas at 10 4 K (traced by Mg II and/or Ca II) as well as in highly ionised warm gas (Chen et al. 2010; Prochaska et al. 2011; Martin et al. 2013; Prochaska et al. 2014) in the CGM. As metals are only produced in stars, they have to be transported into the general IGM or the CGM by large scale galactic outflows.
SNe driven galactic outflows have been extensively studied using both hydrodynamical simulations (Scannapieco et al. 2005 (Scannapieco et al. , 2006 Davé et al. 2008 Davé et al. , 2011 Scannapieco et al. 2012 ) and semianalytical models (Ostriker & McKee 1988; Madau et al. 2001; Scannapieco et al. 2002; Furlanetto & Loeb 2003; Samui et al. 2008; Sharma & Nath 2013) . In a previous paper we studied thermally driven outflows from high redshift galaxies and their global effects on the IGM, through a semi-analytic model (Samui et al. 2008 , hereafter Paper I). Our outflow model was similar to models of stellar wind blown bubbles (Chevalier & Clegg 1985) . Here, the free wind from a galaxy converts its kinetic energy to thermal energy through an inner shock and feeds a hot bubble that expands into the halo medium (or CGM) and subsequently the general IGM (see Fig. 1 below for the entire outflow structure). We showed that outflows can efficiently pollute the CGM and the IGM with metals. However, their detectability in the form of absorption was not clear due to the high temperature and low density of the outflowing gas. Nevertheless, a significant volume of the IGM could be filled with metals due to outflows dominated by low mass galaxies (with dark matter halo mass less than 10 10 M⊙).
Strong shocks created by exploding SNe also accelerate highly relativistic charged particles, usually referred to as cosmic rays (CRs). Cosmic rays gyrate along the magnetic field lines and transfer energy and momentum to the thermal gas via Alfvén waves (Wentzel 1968 (Wentzel , 1971 Kulsrud & Pearce 1969; Kulsrud & Cesarsky 1971) . In Samui et al. (2010, hereafter Paper II), we explored the possible influence of cosmic rays generated in the SNe shocks on free wind solutions assuming a constant rate of star formation. The addition of energy and momentum due to cosmic rays helps to drive the free wind at the base of the outflow. It is important especially in low mass galaxies where the gas could lose its thermal energy rapidly due to radiative cooling. Further, such cosmic rays can be reaccelerated at the inner-shock of outflows and add pressure to the hot bubble that drives an outer shock (see Fig. 1 ). Also, the cosmic rays in the hot bubble do not cool radiatively and their pressure decreases less steeply with adiabatic expansion compared to thermal gas due to the differences in the adiabatic indices. Therefore, it is important to see how their presence can influence the outflow dynamics. Moreover, there is an increasing interest in exploring the consequences of incorporating CRs in simulations of outflows, which all point to their usefulness in driving outflows (Salem & Bryan 2014; Girichidis et al. 2016; Pakmor et al. 2016; Ruszkowski et al. 2017; Pfrommer et al. 2017 ;and also see the review by Naab & Ostriker 2017, section 3.4 which emphasizes the role of CRs). Thus incorporating the effect of CRs in our semianalytical outflow models to examine their global consequences for the IGM is also timely.
Further, our cosmic ray free-wind solutions showed that the mass loading factor ηw, (ratio of mass loss rate due to wind to star formation rate), goes as v −2 c , where vc is the circular velocity of the halo. This implies a strong negative feedback on star formation in low mass galaxies (Samui et al. 2010) . It is then not obvious that such a reduced star formation can indeed drive and sustain strong outflows that go beyond the virial radius in low mass galaxies. Our earlier thermally driven outflow models (Paper I) also did not take into account this negative feedback in star formation. Thus, it is important to revisit outflow models considering not only the effects of cosmic ray driving but also incorporating the negative feedback on star formation implied by such outflows. An important ingredient in outflow models is the star formation rate in a forming galaxy. In a series of papers (Samui et al. 2007 (Samui et al. , 2009b Jose et al. 2013; , we have built up a semi-analytical picture of galaxy formation which reproduces a variety of observations of the high redshift universe. These include UV & Lyman-α luminosity functions, clustering of Lyman-break galaxies and Lyman-α emitters, the correlation between star formation rate, stellar mass and halo mass of galaxies. In particular, we use here the models of which incorporated supernova feedback in determining the star formation rate in the high redshift galaxies.
There are several additional reasons to study such outflow models. Note that cosmic rays always remain coupled to magnetic fields which are themselves coupled to the thermal gas. Therefore, when winds transport metals into the IGM, they will also carry along magnetic fields and cosmic rays. Thus outflows spread magnetic fields that are being generated/amplified in galaxies to the intergalactic medium. Recent γ-ray observations of distant blazars have even suggested a lower limit to the magnetic fields in void regions at a level of 10 −16 G if correlated on Mpc scale (Neronov & Vovk 2010) . Bertone et al. (2006) have studied possibility of IGM magnetisation by galactic outflows. It is interesting to reconsider this issue with our new improved models of outflows and estimate the strength and volume filling factor of magnetic fields that can be seeded by these outflows into the IGM.
Further, if sufficient magnetic fields and cosmic rays are present in the IGM, cosmic rays will still be able to transfer their residual energy to the thermal gas via Alfvén waves. Pockets of over pressured cosmic ray regions can also transfer energy to the IGM via adiabatic heating as they expand and come into pressure equilibrium with their surroundings. If the remaining cosmic ray energy (that is after driving the outflows) is comparable to the thermal energy of the IGM it can potentially influence the thermal history of the IGM. This is interesting as observations have suggested a rise in IGM temperature at z ∼ 3 from combining simulations and quasar spectrum (Ricotti et al. 2000; Becker et al. 2011; Boera et al. 2014) . Some authors have attributed this to Helium reionization (Schaye et al. 2000; Furlanetto & Oh 2008; Bolton et al. 2009 ). However, cosmic rays could also play an important role in heating the IGM (Samui et al. 2005 ), a possibility that we also explore in this work.
The paper is organised as follows. In section 2, we outline our outflow models. Magnetic field evolution is described in section 3. The characteristics of individual outflows is studied in section 4. The global impact of outflows is discussed in section 5. The implications of such outflows are addressed in section 6. Finally section 7 presents a discussion of our results and the conclusions. Through out this work we assume cosmological parameters as suggested by Planck results, namely, a flat ΛCDM cosmology with ΩΛ = 0.70, Ω b = 0.044, ns = 0.96, H0 = 71 km/s/Mpc and σ8 = 0.8 (Planck Collaboration et al. 2016a ).
OUTFLOW DYNAMICS
The structural properties of the outflow remain by and large the same as in Paper I. However, we improve this model by incorporating the extra pressure due to the non-thermal cosmic ray particles in the outflow dynamics. We assume a spherically symmetric thin shell model of outflows from galaxies (Weaver et al. 1977; Ostriker & McKee 1988) . The coherent explosions of SNe in a galaxy produce a bubble of hot gas that expands and expels gas from ISM (Sharma et al. 2014) . The hot bubble expands as the 'free wind' coming from subsequent SNe explosions produces a shock and converts its kinetic energy to thermal energy. The free wind consists of thermal as well as non-thermal particles (CRs) that are produced at the SNe terminal shocks. Such 'free wind' solutions with both thermal and cosmic ray components have been investigated in Paper II (Also see Ipavich 1975; Breitschwerdt et al. 1991) . The asymptotic velocity of such a free wind is closely related to the circular velocity of the halo. If the halo gas is of sufficient density the free wind produces a shock and converts its kinetic energy to the thermal energy that feeds the hot bubble. We call this as 'inner shock' of the outflow. At this inner shock cosmic rays can also be accelerated through diffusive shock acceleration mechanism with efficiency as high as 50% (Kang & Jones 2003 in transferring the kinetic energy of the wind to CR particles. The thermal pressure of the gas as well as the cosmic ray pressure in the hot bubble drives an 'outer shock' and sweeps up CGM/IGM mate- rial. The swept up material by the outer shock remains confined to a thin shell region and separated from the shocked free wind material by contact discontinuity. In fact, self-similar solution of cosmic ray and thermal gas driven outflow shows that most of the mass of the hot bubble is also expected to be concentrated at the contact discontinuity (Bell 2015) . See Fig. 1 for the schematic diagram of our outflow models.
The evolution of such spherically symmetric outflows is governed by the following equations in the presence of cosmic rays and the hot gas (cf. Weaver et al. 1977; Ostriker & McKee 1988; Tegmark et al. 1993) ,
Here, the position of the outer shock is Rs, ms is the gas mass of the thin shell and P b and Pc are the thermal and cosmic ray pressures in the hot bubble. Further, ρB and P0 are respectively the baryon density and the pressure of the outside medium assuming virial temperature for halo gas or 10 4 K for the IGM; v0 is the ambient velocity field taken from Furlanetto & Loeb (2001) .
The first term in the right hand side of Eq. 1 represents the net pressure i.e. thermal plus cosmic ray pressure minus the outside pressure, that drives the outer shock. The second term is due to the mass loading of the shell from the outside medium causing the deceleration of the shock and we assume a fraction ǫ of all swept up mass remains in the thin shell (i.e. Eq. 2) and rest is mixed with the hot bubble due to evaporation/fragmentation (the mass in the hot bubble is negligible compare to the swept up mass). The 3rd term in Eq. 1 is the gravitational attraction due to the dark matter (a NFW profile is assumed with concentration parameter c = 4.8, Navarro et al. 1997; Madau et al. 2001 ) as well as baryonic matter inside the radius Rs. For the initial baryonic density profile inside the halo we assume a beta model (Makino et al. 1998 ) and assume that a fraction, f h = 0.1 of total the total gas remains in the halo.
The thermal pressure P b can be obtained from the thermal energy of the bubble, E b , by
where we assume that the adiabatic index of the thermal gas γ = 5/3. Here, R1 is the position of the inner shock of the outflow. Similarly, the non-thermal cosmic ray pressure Pc and the cosmic ray energy in the bubble, Ec, are related by,
with the assumption that the adiabatic index of the CR component γCR = 4/3 (considering them as highly relativistic particles). Here, Uc is the energy density of the cosmic ray particles. The evolution of the thermal energy of the bubble is given by,
The 'free wind' carries some fraction of total SNe energy in the host galaxy which is fed into the bubble as thermal energy, L(t), at the inner shock. The bubble can lose its thermal energy due to P dV work as it expands and radiative cooling. For cooling rate i.e. Λ(t, T, Z), we consider Compton drag against the CMBR, bremsstrahlung and recombination line cooling that depends on temperature T and metallicity, Z of the gas. The gas density that determines the temperature of the hot bubble is taken to be the average density of the bubble. Note that the bubble is filled by the gas coming from the free wind and a fraction of the swept up mass. The free wind mass is higher for low mass galaxies owing to higher mass loading factor, ηw, that leads to higher radiative cooling of the bubble. Further, the metallicity of the bubble gas is self-consistently determined as described in the Appendix A of Paper I. Similarly, the evolution of the cosmic ray energy in the bubble is governed by
Here, Lc is the total energy of the cosmic ray component per unit time injected into the bubble, at the inner shock. Note we consider, at the inner shock, the cosmic rays are being accelerated through diffusive shock acceleration with efficiency as high as 50% (Kang & Jones 2003 in converting the kinetic energy of the shock front into cosmic rays. Thus, if initially we have 10% of total supernova energy available in the free wind, at the inner shock half of it will be available as thermal energy and rest half will be converted into cosmic ray energy. It is interesting to note that cosmic rays lose energy only due to adiabatic expansion that is solely determined from the outflow dynamics. But the thermal energy is lost by additional cooling processes and can be significant fraction of its initial energy. Thus, in case of only thermally driven wind one could encounter a situation where the gas has lost most of its thermal energy, the inner shock catches up with the outer shock and only the momentum of the free wind drives the outflow. This is known as 'momentum driven outflow' (see Samui et al. 2008 , for evolution of such outflows). However, in the presence of non-zero cosmic ray energy, we will find that there is always a finite separation between the inner and outer shocks and hence the outflow never transits to the momentum driven case. Further, owing to a softer equation of state, cosmic rays lose energy slower than the thermal gas during adiabatic expansion. Hence even when radiative cooling of the bubble gas is efficient, cosmic ray pressure is important and moreover it dominates the outflow dynamics at the later stages of its evolution.
Most analytical models of galactic outflows do not consider the dynamics of the inner shock at R1 (but see Paper I). We follow its dynamics using simply the jump condition across the inner shock boundary in a two fluid model assuming a strong shock. The evolution equation for R1 is given by (Chevalier 1983 , and Appendix B)
with 2 γs + 1 = 3 1 + 2
Here, vw is the asymptotic speed of the free wind material before it encounters the inner shock and related to the SNe energy by
w /2, with the mass outflow rateṀw(t) is obtained from Eq. A4.
The mechanical luminosity, L(t), and the cosmic ray luminosity at the inner shock, Lc(t), fed into the wind bubble are related to the SNe explosion energy and hence the star formation rate of the host galaxy. Our model for calculating this star formation rate is described in Appendix A. It takes into account the negative feedback due to mass loss in the free wind following . However, we make some modifications that are needed in order to get a more accurate time resolved star formation rate in the low mass galaxies. The resulting evolution of the SFR for a few sample halo masses and collapse redshifts incorporating SNe feedback, are shown in Fig. A1 , where we can see a significant suppression of the SFR for low mass galaxies. This model of star formation is similar in philosophy to the 'bathtub model' of Dekel et al. (2013) and Dekel & Mandelker (2014) , applied however just after the formation of a new dark matter halo, either formed by mergers or from a collapsing density peak. Thus only the first burst of star formation lasting several halo dynamical time scale is considered. It does not consider the slow and continuous star formation mode of a galaxy that arises at a later stage of its evolution due to slow accretion process. Note that such a slow star formation may not result in an outflow that escapes the dark matter potential. We will explore such effects in future, but concentrate for now on the major epoch of star formation.
The luminosities L(t) and Lc(t) are related to the star formation rate dM * /dt by,
and Lc(t) = 10 51 ergs × ǫcr ν dM * dt .
Here, we assume that ν number of SNe are formed per unit mass of star formation and each SNe produces 10 51 ergs of energy on an average. A fraction of that energy, ǫw is channeled into the hot bubble as thermal energy and a fraction, ǫcr, is transformed in to the cosmic ray energy. In our model where the SNe first drives a free wind, which then flows into the hot bubble through a strong inner shock, it is this strong shock which reconverts the kinetic energy of the free wind back into both thermal energy and cosmic rays. Thus, the total energy efficiency in converting SNe energy to energy available for driving the outflow is ǫw + ǫcr. For most of our calculations we assume ǫw = 0.05 and ǫcr = 0.05 making total energy efficiency of 0.10. This efficiency is 2-3 times lower than the efficiency that has been found in numerical simulations (see Mori et al. (2002) where they obtained 20-30% efficiency) and hence a conservative value. Further, we assume a Salpeter initial mass function for the distribution of formed stars in the mass range 1 − 100 M⊙ that results in one SNe per 50 M⊙ of star formation.
The above equations are simultaneously solved numerically starting from a set of initial conditions as described in Paper I. We follow the outflow dynamics till the outflow peculiar velocity decreases to the local sound speed in the IGM. At this point we assume that the shock would disappear and the outflowing material would mix with the IGM and expand with the Hubble flow.
MAGNETIC FIELD DYNAMICS
It is important to explore the magnetisation of the IGM by outflows. We have already mentioned that the magnetic fields play an important role in its interaction with cosmic rays and hence probably in the thermal history of the universe. Galactic outflows are potential candidates to magnetise the IGM. Here, we wish to get a conservative estimate of the strength of the IGM magnetic fields resulting from our outflow models. For simplicity, we treat evolution of magnetic fields separately and do not consider any dynamical effects of magnetic fields on the evolution of the outflow. Note that, adding the dynamical effect of magnetic fields can further aid in driving outflows. However, we have adopted a more conservative approach in present work as the magnetic pressure is always significantly subdominant to the CR pressure.
We assume that micro-Gauss level magnetic fields are present in the ISM of the high redshift protogalaxies when outflows begin. These fields themselves would be generated by turbulent dynamo processes in the galaxy (Brandenburg & Subramanian 2005; Kulsrud & Zweibel 2008; Ruzmaikin et al. 1988; Rodrigues et al. 2015) . The ionised plasma in the wind would be coupled with this magnetic field and transport the magnetic flux out of the galaxy with the outflowing material. In order to calculate the strength of magnetic fields that can be deposited in the IGM via this process we follow Bertone et al. (2006) where they considered magnetising the IGM by thermally driven winds.
There are two possible scenarios in the co-evolution of magnetic fields and outflows. In the first case that we refer as 'conservative' model, the magnetic fields from galaxies are injected into the outflowing material and just get diluted as they expand with the outflow, obeying the magnetic flux freezing condition. The evolution of magnetic fields in such models is governed by following equation (Bertone et al. 2006) ,
Here, EB is the total magnetic energy in the wind bubble; Vw is the volume of the wind bubble. Further,ĖB in is the magnetic energy injection rate in the bubble from the galaxy and we takė
with the density of the free wind material is given bȳ ρin =Ṁ w 4πR 2 1 vw and the magnetic energy density that is injected in the wind bubble is
B is the magnetic field inside the star forming galaxy. The value of B ranges from ∼ 10 − 20µG in nearby spirals to values of B ∼ 50 − 100µG in nearby starburst galaxies and in barred galaxies (see Beck 2016 , for a review and references). There is also tentative evidence from high-z Mg II system that z ∼ 1 galaxies are already magnetized to current levels (Bernet et al. 2008; Farnes et al. 2014) . Thus it seems reasonable to adopt B ∼ 10 − 20µG for the galaxies at high redshift which are driving outflows. Further, ρISM is the density of the ISM gas taken as 1000 times the average baryonic density of the halo. In the above 'conservative' case we ignore the possible amplification of magnetic fields inside the outflow and thus we get the minimum possible value of magnetic fields that can be inputted into the IGM via outflows. In a more optimistic model B we take into account possible amplification of magnetic fields in the wind plasma due to shear flow and turbulence of the wind material. The characteristic time scale for this process is roughly given by (Bertone et al. 2006) ,
with H(t) is the Hubble parameter. Here,Ṙs − H(t)Rs is the peculiar velocity of the outflow with respect to Hubble flow and dividing it by Rs gives a measure of the velocity shearing rate in the outflowing material. Such a velocity could reflect itself in turbulence, which amplifies the field, due to a small-scale turbulent dynamo, on the turbulent eddy turn over timescales (Kazantsev 1967; Brandenburg & Subramanian 2005; Bhat & Subramanian 2015) . In such a dynamo the smallest eddy which has a magnetic Reynolds number above a critical value decides the rate of initial amplification. The fudge factor fs > 1 gives how much faster such an amplification occurs with respect to the shear time-scale. It will depend on the poorly known properties of the turbulence in the hot bubble and could be much greater than unity, if the smallest super critical eddy is much smaller than the bubble size. We assume fs ∼ 1 as a conservative estimate below. Including this amplification, the change in magnetic energy can be calculated from
which for Rs ≫ R1, can be simplified to dEB dt
This would provide us a more optimistic value of the magnetic fields with which IGM can be seeded via outflows.
STRUCTURAL CHARACTERISTICS OF OUTFLOWS
Having set up the machinery for the evolution of outflows from star forming galaxies, driven by the thermal and non-thermal pressures and the spreading of magnetic fields and cosmic rays via such outflows, we present here some important characteristics of individual outflows resulting from our numerical calculations. We first focus on two representative masses of host galaxies in order to show the general trends in our models.
Outflow from dwarf galaxies
We begin with the study of outflows from a host galaxy of total mass M = 10 8 M⊙ that has collapsed at zc = 10. The star formation history of such galaxies is shown by the solid red curve in Fig A1. As we can see from this figure, in such small mass galaxies, due to strong negative SNe feedback or a large ηw, star formation completely stops after 10 7 yrs. Hence, it is essential to investigate whether such strongly suppressed and brief duration of star formation can at all produce enough SNe energy to drive a galactic scale outflow from the galaxy. The important characteristics of the outflow originating from this particular galaxy are shown in Fig. 2 . Indeed we see in Fig. 2 that a galactic scale outflow has resulted from such galaxy.
It is clear from panel (a) of Fig. 2 , where we plot the location of inner and outer shocks as a function of time, that the outflow crosses the virial radius of the halo at ∼ 3 × 10 7 yrs, goes far beyond the virial radius (shown by horizontal line) before it mixes with the IGM. The final physical radius of the outflow is 20 kpc before it is frozen into the Hubble flow after ∼ 3 × 10 8 yrs from the collapse of the halo (as indicated by the vertical lines in panels (a) and (b) of Fig. 2 ). Note that the halo has a virial radius of 1.4 kpc. Therefore, the outflow originating from the host galaxy is able to pollute IGM with metals, magnetic fields and CRs upto ∼ 15 times of its virial radius. The outflow achieves a maximum speed of 110 km/s just after crossing the virial radius of the halo (panel (b) and (d) of Fig. 2 ). The sudden increase in the velocity after crossing the virial radius is due to rapid change in the assumed gas density profile outside the halo.
It is interesting to note that even though star formation ceased after few times 10 7 yrs the inner shock still persists upto a time ∼ 5 × 10 7 yrs (panels (a) and (c)). This is due to the fact that it takes a finite time for the effects of energy release by SNe to be felt at the inner shock. The inner shock starts from the centre of the galaxy (our initial condition), rapidly goes closer to the outer shock reaching to a maximum of 0.65Rs. Thus, it never comes very close to the thin shell and the outflow never transits to a momentum driven stage. It can be seen from panel (f) of Fig. 2 that the temperature of the bubble is always less than 10 4 K. So in the absence of CRs, the thermal pressure alone would not have sustained the bubble region leading to a direct momentum impact of the free wind to the thin shell. However, in presence of cosmic ray pressure this never happens. At a very initial stage of the flow the thermal pressure and cosmic ray pressure were comparable to each other. But soon the gas loses its thermal energy by radiative cooling due to higher density of the wind material. At this point, the comic ray pressure becomes an order of magnitude higher than the thermal pressure even if initially they were of same order (see panel (e) of Fig. 2 ). This extra cosmic ray pressure completely governs the further evolution of the outflow keeping it always like an 'energy driven flow'.
We now turn to the spreading of metals and magnetic fields by the outflow. Panel (g) of Fig. 2 shows the magnetic field strength in the outflowing gas, as a function of the outflow radius. Here, we have used the 'conservative' model for the magnetic fields evolution, and assumed B ∼ 10µG in the galaxy. By the time outflow reaches the virial radius, the average strength of the magnetic fields is ∼ 0.02 µG. It reduces farther reaching to a value of 0.4 nano Gauss when the outflow mixes with the IGM. This field strength could be even larger if we take larger B for the galactic field as would be appropriate for a star bursting galaxy. Note that the 'optimistic' model would predict an order of magnitude higher magnetic field strength. The implications of such fields will be discussed in Sec 6.2 and 6.3. The amount of metals carried by the wind material from the ISM to the bubble increases with time and hence it increases the metallicity of the bubble gas. We see from panel (h) that by this outflow we can pollute IGM with a metallicity of Z ∼ 0.001 Z⊙.
In a nutshell, the star formation and resulting SNe explosions in a 10 8 M⊙ halo can produce a galactic scale outflow of 'cold' gas, mostly driven by the cosmic ray pressure and can pollute a spherical region of radius 20 kpc (i.e. ∼ 15 times the virial radius) with metals (metallicity of the polluted region is typically ∼ 0.001 Z⊙), cosmic rays and magnetic fields with of order a nano Gauss strength when it mixes with the IGM.
Outflow characteristic of a galactic scale halo
We now consider the outflow from a more massive halo with mass M = 10 11 M⊙ and collapse redshift of zc = 4. The outflow properties are shown in Fig. 3 . We choose such an example as we will show later that these halos contribute most to the global volume filling of the wind material today. The basic picture remains the same as its low mass counterpart. However, there are certain differences. Owing to its higher star formation rate, the outflow from the halo extends to more than a Mpc from the centre of the galaxy before freezing into the Hubble flow (panel (a) ). It achieves a maximum velocity of 340 km/s while crossing the virial radius of the halo (panel (b) and (d)). The outflow remains 'energy driven' through out its lifetime; the inner shock never catches up the outer shock as can be seen in panels (a) and (c) of Fig. 3 .
The most striking difference between outflows from high and low mass galaxies is in the temperature evolution. In the low mass galaxy the outflowing material is cold. But in the high mass galaxy the density of hot bubble is low due to smaller ηw making the radiative cooling less efficient. Thus as can be seen in panel (f) of Fig. 3 , the temperature of the hot gas is more than 10 6 K when the outflow starts. It decreases afterwards, but never becomes less than 10 4 K when the outflow is in active stage. Further, the thermal and cosmic ray pressures remains comparable to each other through out the life time of the outflow (panel (e)). It is interesting to understand the evolution of both the pressures. Initially, the thermal pressure is higher than the cosmic ray pressure. However, after some time the cosmic ray pressure becomes higher. Such a feature arises due to different adiabatic indices for thermal gas and relativistic cosmic ray component causing pressure of the non-thermal component to decrease more slowly under adiabatic expansion (see Eqs. 3 and 4).
As can be seen from panel (h) of Figs. 2 & 3, 10 11 M⊙ halo spreads the metals over large distances and the resulting gas phase metallicity in the polluted region can be two orders of magnitude higher than that of a 10 8 M⊙ galaxy. The large galaxy produce more metals through SNe and thus eject more via outflow. On the other hand, they both magnetise the IGM with similar magnetic field strength but over different volumes. Thus outflows from massive galaxies pollute a fairly large volume of IGM with hot gas having higher metallicity. But they contribute in a similar fashion in magnetising the IGM. This may change if we consider a halo mass (or SFR) dependence in B of Eq. 13.
Further, note that in panel (g) of Figs. 2 and 3, the evolution of the magnetic fields has been obtained for our 'conservative' models. The more 'optimistic' model B produces an order of magnitude higher magnetic field in the IGM. We will discuss its implication on the thermal history of IGM in section 6.2.
Comparison with Previous models
In this section we compare both cosmic ray and thermally driven outflows with models of Paper I that considered only the thermally driven outflows and a fixed mass loading factor ηw = 0.3. As already mentioned, there are several improvements in present models compared to the model presented in Paper I. Firstly, the prescription for the star formation now takes into account the negative feedback arising from the SNe driven winds. Secondly, we also take into account the increased mass loading factor ηw = (vc/v * c ) −2 in small galaxies in the outflow dynamics as adopted in our star formation model. Finally, the winds are now driven by both thermal and cosmic ray pressures. As described before, the first two effects have opposite influence on the wind dynamics compared to the last one. In this section we compare different models in more detail.
In Fig. 4 , we show the properties of thermally driven outflows with models discussed in Paper I by blue long dashed curves. The corresponding curves for models that includes SNe feedback, the increased mass loading but no effect of cosmic rays, are given in short dashed dark-green lines. In both the cases, we assume ǫw = 0.1 and ǫcr = 0. The effect of the SNe feedback, increased mass loading, but now including the cosmic rays in the outflow dynamics keeping the total efficiency the same (i.e. ǫw + ǫcr = 0.1), is shown as red solid lines. The bottom panels consider outflow from a 10 8 M⊙ galaxy while the top panels are for 10 11 M⊙ halo. It is clear from the figure that the outflow escapes the low mass galaxy for the constant ηw model of Paper I. However, including supernova feedback in star formation and increased ηw prevent the outflow from taking off in such galaxies. This is reflected by the fact that the green short dashed curves are hardly noticeable in the first two columns of bottom panels of Fig. 4 . This is because of (i) the reduction in the star formation (especially due to the larger ηw in dwarf galaxies) and (ii) increase in the mass loading that leads to higher density and hence rapid cooling of the hot bubble gas. It is also evident from the figure that one can have outflows in such halos when we include the cosmic rays in the outflow dynamics (solid red curves) keeping the total energy efficiency the same. Thus we conclude that the presence of CRs enables outflows even in small mass galaxies with a large mass loading. Further, the outflowing gas will have low temperature due to efficient radiative cooling (temperature is < 10 4 K as can be seen in the left bottom panel of Fig. 4) .
For large galaxies with M = 10 11 M⊙, outflows do escape the dark matter potential in all three cases as described above. However, the cosmic ray driven outflows with same energy efficiency reaches much larger distance (see top panels of Fig. 4 ). This is because the cosmic ray pressure drops slower with radius than the thermal pressure due to a different adiabatic index. Thus cosmic ray pressure is able to push the outflowing gas further away compared to the one driven by thermally driven outflows. This can be seen from the velocity profile as plotted in the top middle panel of Fig. 4 . Further, the temperature of the bubble gas is also lower by an order of magnitude in case of cosmic ray driven outflows making it more plausible for detection of metals.
GLOBAL INFLUENCES OF OUTFLOWS
In previous section we have investigated several key characteristics of outflows originating from the high redshift star forming galaxies. Here we show the global impact of outflows on the IGM at different redshifts. The most interesting physical quantity is the total volume of the universe/IGM that is affected/polluted by these outflows. In this respect we define volume filling factor as F = 1−exp[−Q(z)] with porosity Q is defined as
Here, d 2 N (M, z, z ′ )/dz ′ dM is the comoving number density of dark matter halos having mass between M and M + dM that are formed in redshifts range zc and zc + dzc and surviving till redshift z without being merged with other halo. We use the modified PressSchechter (PS) formalism of Sasaki (1994) to calculate this number density. In particular, it is obtained from ( Comparison of old models of Paper I with new models for galaxies with masses 10 8 M ⊙ (bottom panels) and 10 11 M ⊙ (top panels). We show the outer shock positions (left panels), shock velocity (middle panels) and temperature of bubble gas (right panels) as a function of time. The solid red lines are for present models that consider SNe feedback in star formation and both cosmic rays and thermal gas drive outflows. Predictions by the models of Paper I that assumed only thermally driven outflows and did not take into account SNe feedback in star formation are shown by blue long dashed lines. Finally, outflows that are generated by only the hot thermal gas due to star formation with SNe feedback are shown by dark green short dashed lines. Choudhury & Srianand 2002; Samui et al. 2007 )
Here, NM (z ′ )dM is the Press-Schechter mass function (Press & Schechter 1974) , δc = 1.686 is the critical over density for collapse, H(z) is the Hubble parameter, D(z) the growth factor for linear perturbations and σ(M ) the rms mass fluctuation at a mass scale M .
Note that Eq. 18 does not take into account the survival of the hot bubble when two halos merge to form a bigger halo and thus using it in Eq. 17 would provide a lower limit on Q or F . On the other hand if we use simple derivative of any mass function as the formation rate of halos and use it as d 2 N (M, z ′ )/dz ′ dM , we would get an upper limit on the F or Q as we do not consider the merging of outflows. To explore this we use derivative of Sheth-Tormen mass function (Sheth & Tormen 1999) to calculate the formation rate of halos and hence the volume filling factor and associated properties of outflows.
The lower mass limit (M low ) in Eq. (17) is determined from the physical conditions required to host star formation. Before reionisation, gas inside a dark matter halo can cool via atomic hydrogen if virial temperature (Tvir) of the halo is greater than 10 4 K. In the presence of molecular hydrogen, a halo with virial temperature as low as 300 K can cool and host star formation (Tegmark et al. 1997; Haiman et al. 2000) . In what follows we consider two models: (i) atomic cooled models where we assume M low corresponds to Tvir = 10 4 K and (ii) molecular cooled models where we take M low corresponds to Tvir = 300 K. Further, in the ionised regions of the universe due to radiative feedback, a halo can host star formation only if its circular velocity is more than about 35 km/s due to increase of Jeans mass (see Bromm & Loeb 2002; Samui et al. 2008; Jose et al. 2014 , for details of radiative feedback). Thus in order to know whether a halo can host star formation or not we need to follow the reionisation history of the universe self-consistently. We follow Samui et al. (2007) in order to calculate the ionisation state of the universe. At this point we wish to note that all our self-consistent reionisation models are compatible with available observations, namely reionization redshift zre 6 and the resulting electron scattering optical depth is within τe = 0.058 ± 0.012 (Planck Collaboration et al. 2016b) .
Further for any physical quantity related to outflows, we calculate porosity weighted average as
X being the physical quantity. If one does not include Q −1 factor it would correspond to the mean value of X in the IGM.
Atomic cooling models
We start by showing results for our 'atomic cooled' models with Press-Schechter mass function. In Fig. 5 we show various physi- cal quantities related to outflows as a function of redshift by solid curves. In panel (a) we show the most relevant quantity, the volume filling factor F of the bubbles. Initially at z = 10 the filling factor is small ∼ 0.01, gradually increases to 0.26 at z = 3 and finally reaches to 0.6 by z = 0. Thus a minimum 60% of the universe can be filled with outflows from atomic cooled halos by today. The average halo mass contributing to the volume filling is plotted in panel (b) . Above z = 6 the average mass of haloes contributing most in volume filling is ∼ 10 8 M⊙. During this period the average bubble radius is 100 kpc (panel (c)). At later times both the average mass and bubble size increase slowly due to two reasons. Firstly, the number of higher mass galaxies are increasing in a hierarchical structure formation scenario. Secondly, the existing outflows are getting more time to grow in size. At z = 0, massive galaxies with average mass ∼ 10 11 M⊙ having outflows of Mpc scale are responsible for polluting the IGM.
The porosity weighted peculiar velocity at different redshift is plotted in panel (d) of Fig. 5 . Initially, most of outflows are in the early active stage having higher individual outflow velocity; thus the average peculiar velocity is also as high as 50 km/s. However, the outflows are coming from small mass galaxies. Hence they have a lower average temperature of 10 3 K (see panel (e)). As the time passes, these outflows grow older and their speed reduces. But as new massive galaxies started collapsing, the peculiar velocity raises to 55 km/s at z = 2. The average temperature of the bubble also shows a peak of 10 5 K at the same time. The average density of the bubble is shown in panel (f) by the solid curve and most of the time it stays bellow the average IGM density (shown by the dashed line) at that redshift. This is expected as the hot bubble sweeps up the IGM into a shell creating a low density, high temperature regions.
In passing we note that several porosity weighted average physical quantities do not show monotonic behaviour with redshift such as porosity weighted peculiar velocity and radius of outflows. A number of counter veiling effects are responsible for such nonmonotonic behaviour of the porosity weighted peculiar velocity (vp) . Although the characteristic mass of collapsing halos increases monotonically with decreasing redshift, the corresponding stellar to halo mass ratio is not monotonic with mass because of the reionization, supernovae and AGN feedbacks. Also as outflows expand, their velocity decreases, which is reflected by corresponding decrease in porosity weighted vp for z > 6. Then after reionization, small mass halos lose their importance, more and more massive galaxies with younger outflows start to dominate and increase the average peculiar velocity till z ∼ 2. After this star formation from very massive galaxies is being suppressed due to AGN feedback, while outflows from normal galaxies are becoming older, and the weighted vp decreases again.
One of the reasons for studying outflows is to understand how efficiently they can pollute IGM with heavier elements, magnetic fields and CRs. The metallicity and magnetic field evolution of the IGM are shown in the panels (g) and (h) of Fig. 5 , respectively. As expected the IGM metallicity level increases with time as more and more SNe explode and resulting metals are put into the IGM via outflows. Finally, the metallicity of the IGM that can be reached by today is ∼ 10 −2 Z⊙ (panel (g)). Note that these metals are distributed in 60% volume of the universe. In the same volume, the average magnetic field strength that can be seeded by outflows is 0.4 − 4 nano Gauss at z = 0 − 3, for an assumed B ∼ 20µG in galaxies, for our conservative model. Models with optimistic magnetic fields evolution predict, B ∼ 2−20 nano Gauss, or an order of magnitude higher magnetic fields seeded by this mechanism, as can be seen from the short dashed line of panel (h) in Fig. 5 .
Finally, it is interesting to investigate the magnitude of the porosity weighted cosmic ray energy density that is still remaining in the plasma. We show this in panel (i) of Fig. 5 . Before, z = 6 the remaining CR energy density is as greater than 10 −3 eV cm −3 . However, only 10% of the universe is filled with these cosmic rays. Even at low redshift the energy density of cosmic rays does not reduce much. At z = 3 (1) the excess energy density of in the cosmic rays is 5 × 10 −4 eV cm −3 (10 −4 eV cm −3 ) in 26% (55%) volume of the universe. We will discuss this further in the following section and compare this energy density with the thermal energy density of the IGM.
We note that there is not much qualitative change in the globally averaged physical properties associated between our current model, where outflows are driven by both thermal and cosmic ray pressure, compared the models of Paper I, where we considered outflows to be only thermally driven. The crucial difference however, is that the current models have taken into account also the negative feedback on star formation due to SNe driven mass loss. One property which does change is the overall volume filling factor, which is smaller in the current models, compared to Paper I, because of the overall reduction in star formation due to SNe feedback. Further, the average temperature of the outflows has reduced dramatically, due to enhanced mass loading in the hot bubble, which will help in the detectability of the heavier elements in the quasar absorption spectrum.
Molecular cooled models
We now turn to the 'molecular cooled' models. As discussed in Paper I outflows from atomic cooled halos can potentially disturb Lyman-α forest due to their large peculiar velocity and higher temperature and we showed that molecular cooled halos provide a respite from this by filling the IGM at very early epoch with smaller outflows. Note that, in such small mass galaxies the mass loading factor ηw is so high that the star formation ceases with the onset of supernova explosion, after tSNe ∼ 3 × 10 7 yr. Within that period we find that in such galaxies the fraction of baryonic mass turned into stars (i.e. M * /M b ) is of order 0.05 at z = 10. Thus only about 5% of the baryons is converted to stars in such molecular cooled galaxies at high-z. Nevertheless, this does have a significant effect on the volume filling at high redshift. In Fig. 5 we show the global properties of outflows for such models with long dashed lines. As expected, in these models outflows volume filled quite early; at z = 8, more than 75% of the IGM is filled by the wind material and hence with metals, cosmic rays and magnetic fields. The contribution comes mostly from galaxies of masses 10 7 M⊙ or less with average bubble size less than 30 kpc (see panels (b) and (c)). Upto z = 3 the average peculiar velocity of the outflowing material is less than 20 km/s with average outflowing gas temperature less than 10 4 K. Thus, cold gas from the small mass molecular cooled halos dominates the volume filling of the IGM and is expected not to disturb the Lyman-α forest. Note our results for molecular cooled halos will depend very much on the assumed value of M * /M b . This quantity is poorly constrained for such halos and some models suggest that it could be much less than what we assume here (Visbal et al. 2017) . Understanding star formation efficiency in such low mass galaxies at early epoch is essential to accurately model their effect on global properties.
The other physical quantities such as gas density of bubbles, amount of metals and magnetic fields put in the IGM remain similar (panels (f), (g) and (h) of Fig. 5 respectively) in both molecular cooled and atomic cooled models. Note that in Fig. 5 we have shown the possible magnetisation of the IGM with our optimistic models as well and that resulted one order of magnitude higher value compared to conservative model. The excess porosity weighted cosmic ray energy density remains one order of magnitude smaller in case of molecular cooled models for z 6. After that the difference between atomic and molecular cooled models decreases and finally by z 2 they become equal.
Effect of mass function and formation rates
Here, we show effects of different halo mass functions on global properties of outflows. In Fig. 6 we compare the porosity and the volume filling factor as obtained from using Sheth-Tormen (ST) mass function with that of Press-Schechter (PS) mass function. From the figure it is clear that the Sheth-Tormen mass function predicts a much larger volume filling of the universe. For example in atomic cooled models at z = 3, the ST mass function predicts 60% volume of the universe is filled with outflows (red dotted-dashed curve) compared to 35% with PS mass function (solid blue curve). Similarly for molecular cooled models at z = 3, the volume filling factors are F = 0.65 and 0.41 for ST and PS mass function respectively. Note that other physical properties do not change much when using different prescription for the halo formation rate.
It is interesting to note that when we use the Sasaki formalism to calculate the formation rate of halos and include molecular cooled halos, the porosity decreases at z ∼ 6 before increasing again at z ∼ 2. In the Sasaki formalism, one has a survival probability for a halo collapsing at redshift zc to survive till a later redshift z (Sasaki 1994) . However when a halo is destroyed by merging to form a bigger halo, its outflow will survive, if it has gone far beyond the virial radius. Such outflows are not easy to take into account in a semi-analytical model such as ours, and we have neglected their contribution to the porosity. This can lead to a decrease in the volume filling factor. This effect is important when one calculates the volume filling factor of outflows from molecular cooled halos which collapse at high-z, before reionization. On the other hand, models considering derivative of any mass function would over estimate the volume filling factor by considering outflows separately from halos after and before merging (Samui et al. 2009a ). Thus calculations which employ the formation rate using the PressSchechter-Sasaki formalism and Sheth-Tormen-derivative bracket the expected behavior of volume filing factor, which is why we have considered both of them in the present work. Further, in Samui et al. (2009a) we have tested the sensitivity of the porosity not only for various mass functions but also to different prescriptions for the formation rate of halos. It was shown that the filling factor as well as other physical quantities were reasonably insensitive to changes in the mass function. Thus we conclude that outflows can significantly volume fill the universe with metals, magnetic fields and cosmic rays. In passing we note that Bertone et al. (2006) also got similar magnetic field strength of 10 −8 − 10 −12 Gauss in the IGM. However, their outflows never volume filled the universe as their simulation did not include small mass galaxies.
IMPLICATIONS OF OUTFLOW MODELS
The outflow models discussed here has a number of interesting consequences, which we discuss below.
Detectability of metals
In Paper I, we discussed the detectability of low density high temperature outflowing material in the presence of meta-galactic UV background through O VI and C IV absorption lines (see section 7 of Paper I). In particular, we focused on absorption signatures that could arise from (i) the free wind, (ii) hot bubble and (iii) gas in the shell. The main difference in our current work is that, in the case of low mass halos the mass loading is higher and in the case of high mass halos the bubble temperature is lower when we include the CRs. Moreover, we are also considering magnetised outflowing material in the current work. Here we discuss the possible consequences without going into detailed radiative transport modelling.
In Paper I, it was suggested that the low ion absorption seen through Mg II, Na I and Ca II transitions can not be produced in the free winds and could originate from multiphase structure likely to form inside the outflow due to (i) cold gas ejected from the galaxy along with the free wind, (ii) dense cloud formed from the Rayleigh-Taylor instability of the swept up shell or (iii) cold gas clumps formed due to cooling instabilities etc.
We first ask, can the free wind driven by CR discussed here be detected in Mg II absorption. In Fig.7 we show the total integrated hydrogen column density produced by the free wind as a function of time for a halo of mass 10 11 M⊙. The integrated column density of total hydrogen inferred is very similar to what we had for models discussed in Paper I. All the discussions presented there is applicable here as well. In particular, to produce low ion absorption lines, we need multiphase structure with cold clumps originating from the above mentioned possibilities in addition to the flow structure discussed in this work.
Next we consider the survivability of such cold clouds in the outflow. As discussed in Paper I, the evaporation time-scale goes as T −5/2 . As can be seen in Fig. 4 , the bubble temperature in our present models are typically factor 4 times smaller than for models considered in Paper I. This alone makes the evaporation time-scale ∼ 32 times longer than what we inferred for the pure thermally driven model without any feedback. Even when we consider the SNe feedback inclusion of CRs increases the evaporation time-scale by a factor 5. This suggests that survival of cold dense clumps in the outflow can be relatively easier in our models with CR driven flows. Further, in a magnetised outflow, magnetic fields can drape themselves around a gas cloud, and reduce evaporation of gas across the field even further.
Thermal history of the IGM
We now explore the possible implications of the excess cosmic ray energy from outflows to the thermal history of the IGM. As noted earlier, observations of absorption lines in high redshift quasar spectra reveal that the temperature of the IGM at z = 2 − 3 is few times 10 4 K (Becker et al. 2011 ). This temperature is measured in the mildly overdense regions of the IGM with overdensity less than 10 as probed by the Lyman-α forest. It is believed that the IGM temperature keeps some memory of the reionisation process at high-z. At the end of the hydrogen reionisation the temperature of the IGM is set to 1 − 3 × 10 4 K (Schaye et al. 2000; Ricotti et al. 2000) due to photoionisation heating. In absence of any other heating mechanism after reionisation, the IGM temperature should drop adiabatically with the expansion of the universe as (1 + z)
2 . Thus in models where reionization of the universe occurred earlier than z = 6 (as expected from observations of quasar spectra) one would not be able to explain the observed IGM temperature at z = 2 − 3. Figure 8 . The thermal energy density of the ionised IGM at mean IGM density with a temperature 10 4 K is shown by the solid line. In comparison, we show the porosity weighted energy density of the cosmic rays as expected from our atomic cooled models (dashed line) and molecular cooled models (dotted-dashed line). Further, the data points with error bar are the energy density of the IGM assuming the temperature of the IGM as measured by Becker et al. (2011) (open diamonds) and Boera et al. (2014) (filled triangles).
We need an additional heating mechanism to explain this temperature floor. Several authors have suggested the late HeII to HeIII reionisation by the harder quasar spectrum as the reason for this excess temperature (Furlanetto & Oh 2008; Bolton et al. 2009 ). Here we discuss if excess CR energy from outflows can heat the IGM at z = 2 to 3.
Note that wherever galactic outflows percolate, they carry magnetic fields and cosmic rays in addition to metals. Thus, say at z = 3 for models assuming PS mass function, 50% of the universe is filled by the outflows from molecular cooled halos (35% for atomic cooled model) with ∼ 10 nano Gauss magnetic fields (optimistic model) and excess average cosmic ray energy density of 10 −4 eV/cm 3 . With ST mass function for atomic and molecular cooled models, respectively 65% and 41% of the universe is filled with outflows and similar amount of magnetic fields and excess average cosmic ray energy density. Note that in standard model of structure formation, the outflow affected regions are expected to collapse to form filamentary structures at latter stages that are likely to be detected as Lyman-α forests in the quasar spectrum. The cosmic ray particles (protons) gyrate along the magnetic fields lines and generate Alfvén waves by a streaming instability (Kulsrud & Pearce 1969; Kulsrud 2004) . These waves damp out and transfer energy to the thermal gas. The rate of energy transfer to the gas via the Alfvén waves is given by |vA.∇Pc| where vA = B/ √ 4πρ is the Alfven velocity (ρ is the density of plasma) (Wentzel 1971) . The modulus is taken as in this process CRs always lose energy. Note that for ionised gas with temperature T the thermal energy density is given by E th = 3nH kBT , nH being the number density of hydrogen and kB is the Boltzmann constant. Thus, time taken to deposit cosmic ray energy of the order of thermal energy is given by,
Comparing this with the Hubble time tH at a given epoch we get,
Putting in numbers we find,
Here, T4 is the temperature in the unit of 10 4 K and B10nG is the magnetic field in unit of 10 nano Gauss. Further we have normalised this ratio assuming a typical pressure gradient scale of a filament is L ∼ 0.1 Mpc (Schaye 2001 ) and cosmic ray energy density Ucr = 3 × 10 −4 eV/cm 3 . Hence, if the IGM at z = 3, has been polluted by outflows with B of 10 nano Gauss and Ucr = 3 × 10 −4 eV/cm 3 , within 1/3rd of the Hubble time, the CRs would dissipate energy to the thermal gas via Alfvén waves, increasing IGM temperature to 10 4 K. For even lower redshift, the process is more efficient.
In Fig. 8 we have plotted the volume average cosmic ray energy density available from our outflow models and compared it with the thermal energy of the ionised IGM of temperature 10 4 K. We have also shown thermal energy of the Lyman-α forests with temperatures as measured by Becker et al. (2011) and Boera et al. (2014) . It is clear that the average cosmic ray energy density around z ∼ 3 (Ucr ∼ 10 −4 eV/cm 3 ) is much higher than the thermal energy density of the IGM with temperature 10 4 K, especially for molecular cooled models. The porosity weighted CR energy density would be even higher. In the mildly overdense regions of the IGM which produce Lyman-α forest Ucr can be enhanced further by adiabatic compression to few times 10 −4 eV/cm 3 . Magnetic field will also be enhanced due to flux freezing to few tens of nano Gauss. Thus one can see from Eq. 20, that CRs can transfer sufficient energy to the thermal gas within the Hubble time and potentially heat the IGM around z = 2 − 4 to a temperature of ∼ 10 4 K to erase the thermal signature of reionization. This conclusion would be more appropriate for molecular cooled models where outflows volume filled the universe early in time.
Note that here we have considered CRs that are accelerated in the inner shocks only. However, we have not considered the CRs that can be generated in the terminal shock of the outflows as well as in the structure formation shocks. Simulations predict cosmic ray energy density of ∼ 10 −5 eV/cm 3 that can arise from structure formation shocks with Mach number of few tens (Jubelgas et al. 2008; Pfrommer et al. 2017) . Adding these sources of cosmic rays would lead to more efficient heating of the IGM by cosmic rays.
IGM magnetic fields
As noted earlier, γ-ray observation of nearby blazars (with z ∼ 0.1 − 0.2), have tentatively indicated a lower limit for magnetic fields in voids, BV ∼ 10 −16 Gauss provided their coherence length lB greater than about a Mpc (Neronov & Vovk 2010; Tavecchio et al. 2011 ). For fields with much smaller coherence scale, the lower limit increases as l −1/2 B with decreasing lB. There fields in voids could be primordial arising from processes in the early universe (Durrer & Neronov 2013; Subramanian 2016, for review) .
However, by such low redshifts, all our models predict a porosity of wind material greater than unity or volume filling factor greater than 0.6 for randomly distributed sources. This implies that outflows could have percolated even in the void regions by the present epoch. Further the porosity averaged value of the magnetic fields in our models are ∼ nano Gauss, and the radius of the outflowing bubbles is of order Mpc. The coherence scale of the fields could be smaller than this radius due to turbulent tangling. And the field strength could be diluted further in outflows frozen into the expanding IGM in voids. Nevertheless, the field strength in our models are sufficiently large compared to BV , that it is highly likely that they satisfy the constraints set by the γ-ray observations. Thus magnetic fields inferred in the voids or in general IGM need not be of primordial origin. Rather they could be of astrophysical origin, generated/amplified in the star forming galaxies and transported from there to the IGM by the outflows created from the supernova explosions. One caveat is that large-scale clustering could result in a smaller volume filling of outflows in the void regions. It would be of interest to therefore consider our outflow models in more detail, in biased proto-void regions.
DISCUSSION AND CONCLUSIONS
In the present work, we have explored how cosmic rays could aid in driving relatively cold outflows from high redshift galaxies, and resulting global consequences. The primary sources of energy for outflows are SNe in the high-z galaxies, and a fraction of this energy goes into cosmic rays. Outflows also cause a negative feedback on the star formation rate in a galaxy which can be especially large in low mass galaxies. We show that even with such suppression, low mass galaxies can still drive an outflow in the presence of cosmic rays.
Cosmic rays are accelerated in the SNe shocks and produce cold free winds upto the inner shock and are then re-accelerated there. These cosmic rays add extra pressure to the thermal gas that can even drive a cold outflow. We find that outflows extend to tens of kpc in dwarf galaxies with halo mass ∼ 10 8 M⊙ before merging with cosmological expansion, whereas massive galaxies with halo of masses 10 11 M⊙ have Mpc scale outflows. Cosmic ray driven outflows can go to a larger radii compare to a purely thermally driven outflow with same total energy input. This is because the cosmic ray pressure decreases less rapidly compared to the thermal pressure with adiabatic expansion (due to its softer equation of state) and comes to dominate outflow dynamics at large radii.
We showed that these outflows could significantly volume fill the universe with metals, magnetic field and excess cosmic rays. In particular, at z = 3 for the ST mass function with molecular cooled halos, 65% of the universe is filled with the outflowing gas along with metals, magnetic fields of order 10 −8 G and excess cosmic ray energy density of ∼ 10 −4 eV/cm 3 . All our models predict a volume filling factor of order unity by z ∼ 0.
Further, we explore three implications of such outflows. We argued that due to lower temperature and higher density of the free wind as well as the bubble gas, the metals spread by the outflow could be more easily detected as absorption line system. Low ionisation metals such as Na I or Mg II are likely to be detected in gas clouds embedded the free wind, whereas others like C IV or O VI would come from the bubble or from pre-enriched IGM. Moreover, we showed that the excess energy density in cosmic rays from these outflows could be transferred efficiently enough to the thermal IGM gas in presence of magnetic fields. This can potentially erase the thermal history of reionisation and heat the IGM to a temperature of order 10 4 K as inferred from quasar spectra. Finally, we find that void magnetic fields of order 10 −16 G as inferred from blazar observation, need not be of primordial origin, but could be of astrophysical origin generated in star forming galaxies and transported by the cosmic ray driven winds to the voids.
Our models which estimate the global impact of outflows on the IGM, at present do not take account of spatial clustering of galaxies. In order to have more realistic scenario, it would be of interests to put the cosmic ray driven outflows in numerical simulation of structure formation. Figure A1 . Time evolution of SFR for different galaxies; The halo mass (M ) and the collapsed redshift (zc) are marked in the legends. We have assumed α = 2, v * c = 100 km/s.
APPENDIX B: SHOCK JUMP CONDITIONS IN PRESENCE OF COSMIC RAYS
The shock jump conditions of two fluid models with one relativistic component (γ = 4/3) and one non-relativistic component (γ = 5/3) were evaluated by Chevalier (1983) . They are (Eqn. 
with w = Pc/(Pc + P b ). Here, subscript 1 and 2 are for preshocked and post-shocked properties respectively. Further, we assume that w remains constant across the shock. Adding, Eqn. B3 and Eqn. B4 we obtain Eq. 7. Putting w explicitly in terms of Pc and P b one can get Eq. 8. This paper has been typeset from a T E X/ L A T E X file prepared by the author.
